A method to estimate the spontaneous emission factor ␤ is proposed and applied to the 780 nm oxidized vertical-cavity surface-emitting lasers. The proportionality of the measured cavity loss multiplied by optical power to injected current is used. Our results agree better with theoretical calculations than those of conventional light-current curve fitting. The spontaneous emission factor of 0.0021 is obtained for a 2-m-square device at room temperature. Since only the below-threshold information of cavity loss and output power are used in our method, the obtained ␤ values are independent of any complex and unexpected above-threshold effects such as thermally induced mode-size contraction, as they should be. © 1997 American Institute of Physics.
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The spontaneous emission factor ␤, the ratio of spontaneous emission coupled into the lasing mode to the total spontaneous emission, is not negligible in the wavelengthsized microcavity lasers. Even at room temperature, the ␤ of above 0.1 has been predicted theoretically in air-post vertical-cavity surface-emitting lasers ͑VCSELs͒ if the diameter is less than 0.5 m, 1 from which the laser threshold begins to disappear. 2 However, since the fabrication of subm VCSELs is not easy, the experimentally reported ␤ of some VCSELs were in the order of from 10 Ϫ4 to 10 Ϫ3 at room temperature. 3, 4 Recently, with the help of the selective oxidation for current and optical confinement, as small as 2 m oxidized VCSELs have been successfully fabricated and attracted great attention for reducing threshold currents. 5, 6 Several experimental methods to measure ␤ have been proposed. 7, 8 However, it should be understood that there exist some shortcomings both in the L-I curve fitting method and in the modulation method. In addition to the problems described in Ref. 4 , the results of L-I fitting could be considerably affected by the other parameters such as nonradiative recombination coefficient 9 and transparent carrier density. Modulation technique has similar problems, since it assumes the zero transparent carrier density and the constant carrier lifetime. In Ref. 9 , it is said that the assumption of constant carrier lifetime yields overestimation of ␤ by factor of 2. Therefore, a more reliable experimental method should be needed to estimate ␤ regardless of gain form and other parameters. In this work, we have proposed and measured the spontaneous emission factor of 780 nm oxidized VCSELs by a new method which uses only below-threshold data of output power and cavity loss.
From the static photon and carrier rate equations, one can obtain a simple solution for photon number density N p in a fundamental mode at below threshold:
where ⌫ is the confinement factor, B is the bimolecular recombination coefficient, N is the carrier density in an active layer, v g is the group velocity of photon, ␣ 0 is the total optical loss, g is the material gain, r is the radiative efficiency, i is the injection efficiency close to unity, I is the injection current, and V a is the active volume. Note that the subscript 0 of ␣ 0 represents the fundamental mode. The r is defined as
where C is the Auger recombination coefficient and A is the recombination coefficient responsible for interface recombination and carrier diffusion out of the oxide aperture. 11 The real optical power P top emitted from the top mirror is described as follows:
where T t(b) and R t(b) are the transmittance and reflectance of top ͑bottom͒ mirror, respectively, L c is the effective cavity length including penetration depth of mirrors, and V p is the cavity volume. Now, replacing N p in Eq. ͑5͒ with Eq. ͑2͒ and using the relation ⌫V p ϭV a yields
͑6͒
At below threshold, the term (␣ 0 Ϫ⌫g), which represents the cavity loss, is related to the cavity linewidth ⌬ 1/2 of the fundamental mode 13 as
where n is the average refractive index in cavity, ⌬ 1/2 is the full width at half maximum ͑FWHM͒ of the cavity linewidth of the mode. Therefore, one can extract ␤ r i (T t /2L c ) from
Eq. ͑6͒ by measuring the ⌬ 1/2 and the output power of the fundamental mode versus injected current. 
where A is the absorptance of the mirror. In typical VCSELs, however, since A is less than 1%, T real and T are nearly the same, which has been also verified by numerical simulations. 16 The measured devices are metalorganic chemical-vapor deposition ͑MOCVD͒-grown Al 0.11 Ga 0.89 As four-quantumwell oxide-apertured VCSELs. The thickness of each quantum well is 80 Å. The bottom ͑top͒ mirror, in which linear grading is used to reduce series resistance, consists of Al 0.3 Ga 0.7 As/Al 0.9 Ga 0.1 As 40 ͑26͒ pairs. Just above the active region, a /4 AlAs layer, instead of an Al 0.9 Ga 0.1 As layer, is placed for current confinement by oxidation. The structure and fabrication details are described elsewhere. 17 The aperture shapes formed by oxidation are nearly square for all devices, which can be observed from their magnified images focused to a charge coupled device ͑CCD͒ detector by a high-numerical aperature ͑NA͒ objective lens ͑40ϫ͒. The measured output power P top of a fundamental mode versus current in logarithmic scale is plotted in Fig. 1 for various aperture sizes. Threshold currents of 2, 3, 4, and 5 m VCSELs are 0.43, 0.33, 0.44, and 0.63 mA, respectively. Since there exists several guiding modes in oxide-apertured VCSELs, 18 a monochrometer was used to select only the fundamental mode and remove the other higher modes. The spectral resolution of the monochrometer was adjusted to about a half of the mode spacing in each device. The output power of the fundamental mode has been calibrated from an arbitrary unit to the real mW unit by multiplying a conversion factor of s / s.mono , where s.mono and s are the above-threshold slope efficiency obtained with and without monochrometer, respectively.
The below-threshold cavity linewidth of the fundamental mode was measured by a scanning Fabry-Pérot interferometer and is shown in Fig. 2 for each device. The resolution of the interferometer is about 0.02 nm, which is good enough for the accurate measurement of the below-threshold linewidth. The cavity loss (␣ 0 Ϫ⌫g) corresponding to the linewidth is also shown at the right y-axis in Fig. 2 . The calculated index n of 3.27 and the wavelength of 0.78 m are used. Each measured set of (␣ 0 Ϫ⌫g) is well fitted to a log-like curve, which reminds one of the fact that the material gain g in an GaAs quantum well is empirically described as a logarithmic function of current. 10 The measured optical power multiplied by the cavity loss of the fundamental mode is plotted against current in Fig. 3 . As is predicted in Eq. ͑6͒, the values (␣ 0 Ϫ⌫g) P top /( r i ) are proportional to current below threshold and the ␤ can be directly obtained from the slope. To obtain the r at each current level, the parameters A, B, and C must be known ͓see Eq. ͑3͔͒. The A parameter of each device can be obtained experimentally by an established method using below-threshold spontaneous emission intensity. 19, 20 And the B and C are well-known parameters for GaAs quantum wells. 21 Though our active region consists of Al 0.11 Ga 0.89 As quantum wells, they could not be quite different from those of GaAs. Therefore, we use the B of 1ϫ10 slope in Fig. 3 , where the calculated mirror loss T t /2L c of 11.4 (cm Ϫ1 ) is used (T t ϭ0.314%, L c ϭ1.383 m). A polarization factor of 2 must be considered, since P top has been measured without a polarizer. The obtained ␤'s are shown in Fig. 4 . The solid line is from the well-known classical expression 1 of
where K is Petermann's astigmatism factor which is 1 in index guided system and ⌬ s is the FWHM of the emission spectrum. The calculated ⌫ in our VCSELs is 0.0347 and the measured ⌬ s is 32.4 nm. The ͑3/2͒ term in Eq. ͑9͒ is related to the fact that the E1-HH1 transition in quantum well does not have three but only two components of polarization. One can see an excellent agreement between measurement and theory in Fig. 4 . The less agreement at 2 m can be attributed to carrier diffusion in the active layer which makes the active area effectively larger than the aperture area. The effect of carrier diffusion is not included in the theory. For comparison, the ␤'s obtained from the conventional L-I curve-fitting method are also shown in Fig. 4 . The fitting is based on the model that contained the carrier density dependence of the lifetime with the A, B, and C parameters. 9 And the transparent carrier density of 3ϫ10 18 cm Ϫ3 and the logarithmic form of material gain were used for the fitting. The ␤'s of the L-I curve fitting are smaller than those of the theoretical calculation by more than factor of 2 in Fig. 4 , which can be attributed to the facts, as previously described, that the assumed transparent carrier density may not be exact and that any unexpected phenomena such as thermallyinduced contraction of lasing mode may occur above threshold. 22 The present method becomes unreliable for the case of multi-mode operation from the onset of lasing, since the slope efficiency measured without monochrometer includes not only the fundamental mode but also the other higher modes, which yields miscalibration of below-threshold output power of the fundamental mode. In this work, the ␤'s of the VCSELs larger than 5 m are not measured since they lase in multi modes.
In conclusion, the ␤ of 780 nm oxidized VCSELs have been experimentally determined by a newly proposed method where the proportionality of cavity loss multiplied by optical power to injected current is used. The results agree with the classical theory better than those of conventional L-I curve fitting methods. The spontaneous emission factor of 0.0021 is obtained for the 2-m-square device at room temperature.
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